radiation protection purpose, atmospheric neutrons at ground level, mountain and flight altitudes are of major concern in the reliability of electronics devices such as memories embedded in aircraft [4, 5] . In fact, the most advanced technologies are more and more sensitive to the neutron environment causing notably Single Event Effects (SEE). A SEE is a change in the state of a logic device from 0 to 1 [6] .
The LMDN has developed an active neutron spectrometer called HERMEIS in order to determine the fluence rate and the energy distribution of the atmospheric neutron field. The present work is oriented to the experimental validation of the response functions [7] which were calculated in a previous work [8] . In fact, the reliable knowledge of these responses is mandatory to determine precisely the neutron energetic distribution by unfolding procedures [9] . Measurement campaigns were performed at various standard European calibration facilities, to characterize the HERMEIS spectrometer experimentally, in monoenergetic and realistic neutron fields. The experimental results are presented and compared to the calculated responses, after a detailed description of the new Bonner spheres system and a short presentation of the neutron facilities where measurements were performed.
The HERMEIS system 2.1 High Energy Range Multisphere Extended IRSN system
HERMEIS is a multisphere neutron spectrometer [10, 11] which consists of 10 homogeneous polyethylene (C 2 H 4 ) n spheres with increasing diameters (3, 3.5, 4, 4.5, 5, 6, 7, 8, 10 and 12 inches, respectively). The spherical shape of the moderator provides an isotropic response and its thickness is chosen to slow down (moderate and thermalize) the incident neutrons to thermal energies in such a way that the maximum of thermal fluence occurs at the place of the thermal detector. The energy of incident neutrons for which the detector assembly has a maximum efficiency increases with the diameter of the moderator sphere.
Additionally, three counters are surrounded by polyethylene and a shell made of a high Z material converter is added to increase the response at high energy thanks to (n,xn') reactions [12] - [15] . The metals chosen are tungsten (Z=74) and lead (Z=82). The three extended spheres are the followings: 7 inches and 8 inches with W shells and 9 inches with a Pb shell.
The 3 He spherical proportional counter with a diameter of 5.08 cm (2 inches) and filled with a pressure of 10 atm (1.013 × 10 5 hPa) is placed in turn in the center of the spheres. The detecting reaction, 3 He(n,p)T, has a cross section for thermal neutrons of 5321 barns resulting a high detection sensitivity. The events occurring in the sensitive volume of the detector are recorded via a Multi-Channel Analyser (MCA) after amplification. This pulse height spectrum is integrated from a threshold to discriminate the electronics/gamma noise and to give the gross neutron counts for each sphere.
Monte-Carlo calculations of the HERMEIS response functions
The Monte Carlo radiation transport code used to calculate the fluence response functions of the set of Bonner spheres is the beta-test version 26F of MCNPX [16] . The responses expressed in cm 2 were calculated for broad parallel beam geometry for ten energy values per decade from 10 −3 eV -2 - to 10 GeV and a realistic description of the proportional counter inside the Bonner sphere [17] . The three high energy models used were the Bertini model coupled to Fluka model for neutron energies above 3.5 GeV, the Los Alamos Quark-Gluon String Model (LAQGSM) version 3.01 and finally the Cascade-Exciton Model (CEM) version 3.01 [18, 19] . The 9"(Pb) response has been calculated in similar geometry (but a lower 3 He pressure, 172 kPa) by the Helmholtz Zentrum München (HMGU) with Geant4 using the Bertini and the Binary Intranuclear Cascade (BIC) models [20] . The response functions have been calculated with statistical uncertainties associated to the results lower than 1%. Several sensitivity studies have been carried out to know the effect of the 3 He density, PE density and to check whether the geometry is isotropic or not. Below 20 MeV, the average variation can be estimated around 5%. Above 20 MeV, the discrepancies between models must be considered. The responses after a smoothing process are given in figure 1.
Unfolding procedures
When a set of n D Bonner Spheres is exposed to the same neutron field defined by the spectral fluence φ E (E) (cm −2 MeV −1 ), a set of readings M d , d=1, . . . , n D is collected. An absolute uncertainty ε d is associated to each measurements. Knowing the fluence response functions R d (E), it is possible to deduce φ E (E) from the set of readings M d by solving the system of n D equations:
For computer calculation purposes, the spectral fluence is vectorized in n E energy groups. Generally, the number of independent measurements n D is lower than the number of unknowns n E . Therefore, the unfolding problem in Bonner sphere spectrometry is under-determined. This implies that a set of infinite mathematical functions could satisfy equation (2.1). However, only a limited number of them is physically acceptable.
In this work, the method used to derive the spectral fluence from a set of readings consisted in using a well-established code based on iterative convergence algorithm. The GRAVEL unfolding code requires a priori information about the neutron spectrum which is an estimation of the shape of the neutron spectrum at the measurement location [21] . This "default spectrum" is needed to start the procedure and then GRAVEL adjusts the neutron fluence distribution based on the readings and the response matrix iteratively. After a number of iterations defined by the user or as soon as the fluence distribution is consistent enough with the readings, the process is stopped. The relative uncertainties of the detector counts are used as weighting factors during the iteration process.
3 European Standard neutron fields 3.1 Validation of the response matrix: method and steps During the last two years, HERMEIS was calibrated at various neutron fields produced by European Standard facilities which are shortly described next. The calculated responses depend on the number of 3 He nuclei contained in the counter. The 3 He density considered in the proportional counter modelling is 2.425 × 10 20 cm −3 . This density is provided by the manufacturer with an accuracy of 10%. The measurements at radionuclide neutron facilities at IRSN and NPL aimed at validating firstly this density with a normalization factor.
Then, the fluence responses calculated are checked at several energies below 20 MeV thanks to measurements performed at monoenergetic neutron fields. It is not obvious to measure the responses at specific energies above 20 MeV. However, it is possible to evaluate the behaviour of these responses thanks to measurements performed in high energy neutron fields such as quasimonoenergetic or realistic neutron fields. A solution spectrum is obtained after unfolding the counts obtained in these fields and compared afterwards to a reference spectrum previously calculated with Monte Carlo simulations, in most cases. As the responses are central in the unfolding procedure, their good behaviour is demonstrated if the solution spectrum resembles enough the reference one.
Radionuclide neutron sources
Two radionuclide sources were used, an 241 Am-Be source, at the IRSN facility and a 252 Cf source, at the National Physical Laboratory (NPL) [22, 23] .
The radionuclide sources produce a broad energy neutron spectrumφ E,source (E) from 10 −2 MeV to 20 MeV. The entire set of Bonner spheres was placed at a constant distance from the source and the measurements in the radiation fields were performed using the shadow-cone technique. This method was necessary to correct the contribution of the air-and room-scattered neutrons to the spheres reading. The size of the shadow cone was chosen in order not to underestimate the contribution of the in-scattered neutrons (the shadowed solid angle did not exceed the detector solid angle of no more than a factor two according to the ISO standard [24] ).
Both sources emitted the radiation in nearly isotropic way on 4π sr. The data were systematically corrected for dead time, which had been experimentally determined to 10.6 µs. A statistical uncertainty was associated to the measurements in addition to those due to the distance determination, the knowledge of the source strength and their anisotropy factor (uncertainty about 1% for the NPL 252 Cf source and 4% for the IRSN 241 Am-Be source). Finally, the aim was to deduce a normalization factor f N corresponding to the averaged ratio between the experimental count rates M d,exp and the calculated count rates M d,calc defined as the response function R d (E) folded with the spectral fluence rateφ E,source (E) of the considered source
According to the ISO standard 8529-1 [24] , the validation of the response matrix below 20 MeV consists also in a series of measurements in monoenergetic neutron fields.
Monoenergetic neutron fields
Measurements with monoenergetic neutrons were performed in fall 2010 at the NPL Van de Graaff facility. The NPL accelerator can produce such well-characterized monoenergetic beams by impacting an incident charged particle which was previously accelerated to an energy E p (proton or deuton) with an angle θ on a target made of lithium, deuterium or tritium [25] . The nuclear reactions between the incident particle and the target nuclei are angular dependant and have strong resonance in energy. Therefore, the following monoenergetic beams have been produced during the measurement campaign at the NPL facility: 70 keV, 144 keV, 565 keV, 5 MeV and 17 MeV. A monoenergetic neutron field presents a narrow peak at a given neutron production energy E n . The condition to be respected is that the width ∆E n should be very small compared to the central energy E n .
The experimental protocol followed was identical to the one used for the radionuclide sources with the shadow cone technique. During the measurements, the neutron fluence was monitored by two monitors, a current integrator and a Slab Monitor after a primary calibration performed with a long counter or a De Pangher long counter (for 17 MeV) [26] .
Quasi-monoenergetic neutron fields (QMN)
QMN fields are generally produced with cyclotrons or synchrotrons, at energies up to a few hundreds of MeV. The most common reaction to produce these high energy neutrons is the 7 Li(p,n) reaction [27] . The Svedberg Laboratory (TSL) facility produces such neutron fields with peak energy, respectively, of 46.5 MeV and 144 MeV [28] . The characteristics of these neutron fields are given in figure 2 .
The set of Bonner sphere was irradiated in both quasi-monoenergetic fields. The neutron fluence was monitored with an Ionizing Chamber Monitor (ICM) and indirectly by measuring the number of collected protons in a Beam Dump (BD). The uncertainty associated to the ICM is around 10%; uncertainties from the statistics, distance and dead time parameters are negligible compared to that of the monitoring. HERMEIS is meant to measure the cosmic-ray induced neutron spectrum; thus measurements were performed at the ANITA facility which simulates the atmospheric neutron NRE. The TSL synchrotron accelerator produces a proton beam reaching energies up to 180 MeV before the particles hit a tungsten target. The resulting neutron beam is called Atmospheric-like Neutrons from thIck -5 - Figure 2 . ANITA spectrum at 2.5 m from neutron-producing target. An analytical model was derived from MCNPX calculations and was used to reproduce this graph also including a thermal part. The thermal fluence rate corresponds to 1% of the fluence rate of neutrons above 10 MeV [29] (7400 cm −2 s −1 ). Target (ANITA) [29] . The energetic spectral fluence distribution was calculated by simulation with the MCNPX code. Below 150 MeV, the LA150 cross section libraries were used. Above 150 MeV, the spallation reaction was described with the intranuclear cascade Bertini model and the Dresner evaporation model. The ANITA spectrum is shown in table 1. The Bonner spheres (except for the 4" sphere) were placed in the irradiation hall at ten meters from the tungsten target. During the experiment, the neutron flux was monitored by the ICM and an Additional Bonner Sphere (ABS-the 4" one). As mentioned before, the accuracy on the fluence determination is only about 10% and thus much greater than the statistical and distance measurement uncertainties.
The CERF realistic neutron field
The last measurement campaign occurred at the CERN-EU high-energy Reference Field (CERF) facility [30] . A positive hadron beam with momentum of 120 GeV/c is injected in the secondary line and stopped in a copper spallation target installed in the irradiation cave. The secondary particles produced in the target go through a shielding, on the top of the target location. This shielding, in our case, was made of 80 cm concrete (see figure 3) .
The CERF neutron field is interesting for this study because it resembles the atmospheric neutron spectrum with thermal and epithermal parts and cascade and evaporation peaks. (BIC) [31] . All computed spectra are reported on the figure 4 and correspond to the CT7 and CT9 positions where the Bonner spheres where put. The evaporation peak presents some fine structures which are narrower than the HERMEIS energy spectral resolution. A parametric and analytical model (equation (3.2) ) was used to fit the Fluka spectra to give a smooth enough shape for further analysis as unfolding input guess spectra.
In addition to T 0 , the thermal temperature, which is equal to 25.3 meV and E d equal to 70.7 meV, the 10 parameters A, B, C 1 , C 2 , b, β , E 1 , E 2 , σ 1 and σ 2 were determined in order to minimize the chi square between the analytical curve and the Fluka one (the values are indicated in table 2). The method used was based on a Levenberg-Maquardt algorithm (LM) which provides a solution to a non linear problem [32] . The neutron fluence of the radiation field is related to the hadron beam fluence on the target which was experimentally measured using a Precision Ionization Chamber (PIC). Each PIC count is equivalent to 2.2 × 10 4 ± 10% primary hadrons on the copper target. As a consequence, the determined neutron fluence was normalized in neutron per square centimetre per primary hadron (ph). In addition, the field was monitored with a LINUS neutron monitor providing the ambient dose equivalent during the experiments [33] . The spheres were laid on a proper aluminium tripod, such as the centre of the spheres was at about 20 cm from the concrete floor.
Analysis and Results

Data analysis
Before analysis and unfolding, the count rates M d,exp were corrected for the dead time and the normalization factor f N was applied. The response R d,exp (E n ), for the spheres of diameter d, at the energy E n was then derived from the relation R d,exp = f N M d,exp /Φ where Φ is the neutron fluence of the considered monoenergetic field. The uncertainty associated to the experimental response took into account the deviation on the distance between the sphere and the target, the accuracy of the monitors, the uncertainties on the dead time (∆DT=2.6 µs) and the air in-out-scattering factors and the statistical uncertainty of the reading.
The corrected experimental readings M d,exp were unfolded with GRAVEL and the solution spectra were compared to the default spectra. The normalized default spectra are those from MC-NPX simulation of the 46.5 MeV, 144.4 MeV QMN fields and the ANITA field. In this latter, the nominal neutron fluence rate was (2.77 ± 0.14)10 6 cm −2 s −1 at 2.50 m. All measured count rates were made consistent to these conditions. About the CERF experiments, the whole set of Bonner spheres was employed at CT7 and CT9 positions where the total calculated fluences are (5.47 ± 0.27)10 −5 cm −2 ph −1 and (5.25 ± 0.26)10 −5 cm −2 ph −1 . The counts obtained were normalized per incident primary hadron. Then, the experimental spectra were deduced with GRAVEL and compared to the calculated spectra. The input guess spectra used are the fitted ones shown in figure 4, section 3.5. Finally, all a priori and solution spectra were folded with the response functions to obtain M d,a priori and M d,sol which were compared to M d,exp . for the dead time and the contribution of the scattering neutron is subtracted by using the shadow cone technique. The experimental data can be adjusted by a 5 th order polynomial law that suggests their consistency and their good quality; they can be further used for analysis and unfolding. The calculated count rates M d,calc (convolution of the fluence response with the neutron spectral fluence rate distribution of the radionuclide sources) are compared to the experimental count rates. The ratio M d,exp / M d,calc is calculated for each sphere as reported in the figure 5(b) . Apart from the 3" sphere whose response is more suitable for a lower range of energy (typically around the eV) than the one covered by the sources, the ratios are very close to unity. The mean value f N (see equation (3.1)) is consequently calculated (omitting the 3" values) and found to be equal to 1.02 ± 0.02. The 3 He density value provided by the manufacturer and used for the MCNPX calculations is realistic and the coefficient f N will be applied to any data of further measurement campaigns.
Evaluation of the response matrix below 20 MeV
Determination of the normalization factor
Validation of the response matrix
The whole set of Bonner spheres was irradiated in 144 keV, 565 keV, 5 MeV and 17 MeV neutron fields while only the 5", 6", 7" and 9"(Pb) spheres were tested at 70 keV, for beam time availability purposes. The ratios between experimental R d,exp and calculated responses R d,calc obtained at NPL monoenergetic fields are presented on the figure 6 and figure 7 .
The results are given within ∼95% confidence level. The experimental and calculated responses are in good agreement in most cases, especially for the energies up to 5 MeV. Some discrepancies are observed for the 3" sphere, for all energies, and also for all spheres up to 7" at 17 MeV. Concerning the 3", this slight difference around 10% to 15% (same order of magnitude here for 144 keV and 565 keV) was observed previously, with radionuclide sources. Moreover, the normalization factor f N was calculated without considering the 3" Bonner sphere.
Concerning the 17 MeV case, the targets used at NPL have been chosen to minimize neutron production from unwanted reactions in the target material and backing and for the energies [34] . An extra measurement was performed with the 3" and with a blank target which is identical to the one used to produce the 17 MeV field in all aspects except there was no tritium absorbed in the titanium layer. The response of the 3" sphere to the direct component from the blank target, after correction from room scatter was 20% of that with the true tritium target. Hence, for the majority of the measurements reported here, the effect of the unwanted lower-energy component in the neutron field is small and probably not significant except for the situation where the sphere has a much higher response to the unwanted component than the primary component (3"-7" at 17 MeV). The results derived from the measurements performed in both 46.5 MeV and 144.4 MeV TSL neutron fields are discussed here. First, the count rates of each sphere in the 46.5 MeV quasimonoenergetic field has been homogenized to the same irradiation conditions taking into account the flux monitoring and the distance (250 cm −2 s −1 and 10 m from the target). These data are presented on figure 8(a) . The measurements are consistent since the highest count rates are obtained with the extended spheres which have enhanced fluence responses above 20 MeV. For completion, the experimental data were unfolded using GRAVEL. The spectral fluence obtained by GRAVEL starting with the MCNPX calculated 46.5 MeV spectrum is shown on figure 9(b) . Only one deconvolution with CEM 3.01 model responses is reported here because all MCNPX high energy models have the same values up to 200 MeV. The shape of the result spectrum is nearly identical to the default one. The total neutron fluence rate is 405 cm −2 s −1 . The integrated fluence rate from 10 MeV is 310 cm −2 s −1 while the neutron fluence rate corresponding to the peak between 40 MeV and 56 MeV reaches 121 cm −2 s −1 . The ratio peak/total neutron is consequently equal to 39.1% (cf .  table 1) .
Nonetheless, it is clearly visible that the result spectrum peak intensity is slightly lower than the calculated one. This assertion is even truer with the 144.4 MeV values to the extent that an unfolding procedure could not be achieved with the 144.4 MeV count rates. One hypothesis is the fact that the MCNPX responses might be overestimated from tens of MeV. To go in depth, the theoretical count rates M HE model 9 Pb,calc = R HE model 9"Pb (E)φ E,46.5/144 MeV (E)dE of the 9"(Pb) sphere has been calculated for both quasi-monoenergetic fields with the CEM3.01 responses and the HMGU responses with Geant4 Bertini and BIC models (section 2.2) and then compared to the experimental count rates of the same sphere (see table 4 ).
As expected, the lower the calculated responses are (cf. figure 1) , the better the theoretical count rates are estimated compared to the experimental ones. The Geant4 response with the BIC Table 4 . Ratio M 9 Pb,exp /M 9 Pb,calc for three HE models and two energies. model appears to be particularly adapted for the determination of the quasi-monoenergetic fields since it is at least 1.5 and 1.6 lower than the MCNPX responses around 50 MeV and 150 MeV, respectively.
Results for realistic neutron spectra
The ANITA neutron field Except for the 4" sphere (used as ABS for monitoring purposes), the results of the experimental campaign performed at TSL in the ANITA realistic neutron field are shown in figure 9 . The experimental count rates were homogenized to same conditions (2.5 m between the center of the spheres and the target and a nominal neutron fluence rate of 2.77 × 10 6 cm −2 s −1 ). The experimental solution and the calculated count rates are in good agreement for the big spheres (diameter larger than 8") and the extended ones. For the smaller spheres, the discrepancies can be explained by the fact that the analytical spectrum has only 7400 cm −2 s −1 , that is quite negligible compared to the nominal fluence rate. On the experimental spectrum unfolded with GRAVEL, the number of thermal neutrons is greater with 7.19×10 4 cm −2 s −1 .That is around 11.8% of the fluence rate of neutrons above 10 MeV. The result of the deconvolution is only given for the responses calculated with the CEM 3.01 model since the other spectra obtained with LAQGSM 3.01 and Bertini models are almost identical.
The shape of the solution spectrum resembles the default one with a total neutron fluence rate of 3.07 × 10 6 cm −2 s −1 which is 10% more than the nominal fluence rate due to the addi- (E)φ E,ANITA (E)dE derived from the convolution with the HMGU Geant4 responses and the MCNPX responses can be compared to the experimental count rates M 9 Pb,exp measured in the ANITA field. The values, reported in table 5, appear globally satisfactory whatever the model used.
The CEF neutron field The last characterization measurement campaign took place at CERF facility. The corrected counts per primary hadron (ph) obtained in CT7 and CT9 positions are shown in figure 10(a) and figure 11(a) . The similarity between both configurations is a good point regarding the reproducibility of the measurements. Data unfolding was performed for each MCNPX models using the fit spectrum as input guess spectrum.
The solution spectra, shown on figure 10(b) and the figure 11(b), are almost identical except in the cascade peak where there are slight differences according to the HE model used. There are bigger discrepancies when the solution spectra are compared to the default ones. The total energetic spectral distribution can be divided in four regions. The thermal region characterized by its fluence rateφ th is defined from 1 meV to 0.5 eV. From 0.5 eV to 0.1 MeV, there is the epithermal plateau (fluence rateφ eth ) and at high energies, there are two peaks, the evaporation peak from 0.1 MeV to 20 MeV (φ ev ) and the cascade one (φ cas ) above 20 MeV. The fluence rate, calculated (E)φ E,CT 7/CT 9 (E)dE(convolution between the fluence response and the fit LM spectrum) is compared to the experimental count rate for every HE MCNPX and Geant4 model (see table 7 ). Considering the uncertainties around 10%, the ratio between experimental and theoretical count rates seems to be better for the MCNPX model and is always below unity. Nonetheless, the default spectrum used does not take into account the observed distortion of the spectrum in the evaporation peak region with 35% additional neutrons measured. This increase of the evaporation peak might enhance the count rates, and as a consequence, the theoretical count rates should be greater, that is why the Geant4 ratios which are over unity might be more suitable.
Conclusion
The extended Bonner Sphere Spectrometer HERMEIS has been fully characterized at European standard calibration fields. Below 20 MeV, the normalization factor was determined accurately to check that the 3 He proportional counter was correctly modelled during the fluence response calculations performed with the MCPX transport code. The fluence responses thereby calculated were calibrated at monoenergetic neutron fields from 70 keV to 17 MeV with a good agreement.
Above 20 MeV, evaluated cross sections are not always available and INC high-energy models have to be used instead. According to the kind of model describing the physics above 20 MeV, the results of the fluence response calculations may differ by more than a factor of two. At high energies, the good behaviour of the response functions has been demonstrated in this paper thanks to the measurements performed at quasi-monoenergetic fields and realistic fields. Some slight divergences were highlighted above 100 MeV and a comparative study performed with data found in the literature might enable the discrepancies to be reduced. To achieve this goal, further calculations will be performed using the Monte Carlo code Geant4 and its associated high-energy model, Bertini and Binary IntraNuclear Cascades models to obtain a new set of fluence responses in addition to the one calculated with MCNPX.
